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[57] ABSTRACT

A switching device is characterized by having periodi-
cal layer structure of an organic insulator between a
pair of electrodes and having memorizability with re-
spect to switching characteristic. The layer structure 1s
formed of an amphiphilic compound according to the

1.B method.
72 Claims, 8 Drawing Sheets
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1
SWITCHING DEVICE

~ This application is a continuation of application Ser.
No. 07/662,389 filed Feb. 27, 1991, now abandoned,
which is a continuation of application Ser. No.
07/106,271 filed Oct. 9, 1987, now abandoned.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a MIM element having an
organic insulating layer, namely a metal-insulation-
metal (MIM) structure switching device characterized
in that said organic insulating layer has a periodical
layer structure, and also to a three-terminal device hav-
ing said MIM structure switching device.

2. Related Background Art

Recently, there is an increasing interest in molecular
electronics, particularly with regard to attempts to
apply the functioning of organic molecules to electronic
devices, etc. Accordingly, studies on the
Langmuir-Blodgett film (LB film) to construct molecu-
lar electronic devices have been made actively pursued.
The LB film is formed by laminating organic molecule
layers regularly one by one, and the film thickness can
be controlled at a level of molecular length. Since a
uniform and homogeneous ultra-thin film can therefore
be formed, there have been frequent attempts to use this
as an insulating film. For example, there are a tunnel
bonding element with metal-insulator-metal (MIM)
structure) [G. L. Larkins et al., “Thin Solid Films”,
Vol. 99 (1983)]; emission element with metal-insulator-
semiconductor (MIS) structure [G. C. Roberts et al.,
“Electronics Letters”, Vol. 29, pp. 489 (1984)]; and
switching element [N. J. Thomas et al., “Electronics
Letters”, Vol. 20, pp. 838 (1984)] have been described.

Although device characteristics have been investi-
gated according to these studies, deficiencies in repro-
ducibility and stability such as a variance in characteris-
tics for each element and changes over time still exist.

In the prior art, investigations as mentioned above
have been progressed primarily with respect to LB film
of fatty acid, which can be handled relatively easily.
However, recently, organic materials which can over-
come the drawbacks of inferior heat resistance and
mechanical strength of the prior art films are succes-
sively being developed.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a
novel switching device free from the drawbacks mn the
conventional switching devices having a LB film.

It has been found that non-linear type current-voltage
characteristics, which differ from those of the MIM
element known in the art, are obtained by laminating
periodically molecules having a group of relatively
greater 7 electron level and a group having 6 electron
level and then passing current in the direction parallel
to the periodical direction in an organic insulator thus
prepared having a periodical structure of electrical
potential; further a novel switching phenomenon in
electroconduction is observed when a sandwich struc-
tural device, in which a LB film formed of the above
molecules is sandwiched between conductive materials
such as a metal (the device being called a MIM struc-
ture or MIM element because of this structure), in re-
spect of various characteristics such as material charac-
teristics, electrical characteristics and the like. Based on
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these, the foregoing and other objects of the present
invention have been attained.

According to one aspect of the present invention,
there is provided a switching device, characterized by
having a periodical layer structure of an organic insula-
tor between a pair of electrodes and having memoriza-
bility with respect to switching characteristic.

According to a further aspect of the present inven-
tion, there is provided a switching device, comprising a
periodical layer structure of an organic insulator be-
tween a pair of electrodes, said layer being a mixed
monomolecular film or a mixed monomolecular built-
up film of an amphiphilic compound having a hydrocar-
bon chain of a polymer compound having a hydropho-
bic region and a hydrophilic region and a molecule
having an electron conjugated system.

According to another aspect of the present invention,
there is provided a switching device, comprising a pair
of electrodes and a periodical layer of an insulating or
semiconductive organic material between said pair of
electrodes, and means fop applying electrical signals fop
controlling the switching characteristics of said switch-
ing device.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of the switching
device of the present invention;

FIG. 2 is a characteristic graph showing the output
voltage and the memory state when control signal is
applied to the switching device of the present invention;

FIG. 3 and FIG. 4 are sectional views of the switch-
ing device used in the present invention;

FIG. 5 is a perspective view of the MIM element used
in the present invention;

FIG. 6, FIG. 11, FIG. 12 and FIG. 14 are characteris-

tic graphs showing electrical characteristics (V/I char-
acteristics) of the MIM elements used in the present
invention; |

FIG. 7 and FIG. 13 are electrical charactenstic
graphs of ON-state and OFF-state confirmed 1n the
MIM elements used in the present invention;

FIG. 8 is a schematic illustration of the method for
forming the organic dye insulating layer of the present
invention according to the LB method;

FIG. 92 and FIG. 9b are schematic illustrations of
monomolecular films, and FIG. 10g, FIG. 106 and FIG.
10c¢ are schematic illustrations of built-up films.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Generally, since most of organic materials exhibit
insulating or semi-insulating characteristics, a remark-
able diversity of organic materials may be found for the
organic material having a group having 7 electron level
applicable to the present invention.

A dye having suitable 7 electron system for the pres-
ent invention may include, dyes having porphyrin
structure such as phthalocyanine, tetraphenyl-porphy-
rin, etc.; azulene dyes having a squartllum group and a
croconicmethine group as a bonding chain and cyanine-
like dyes having two nitrogen-containing heterocyclic
groups such as quinoline, benzothiazole and benzoxaz-
ole bonded through a squarilium group and a croco-
nicmethine group and a cyanine dye, a fused polycyclic
aromatic compounds such as anthracene and pyrene;
chain compounds comprising a polymer of aromatic
rings and heterocyclic compounds; polymers of diace-
tylenic groups; further tetraquinodimethane or tetra-
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thiafulvalene derivatives and analogs thereof and
charge transfer complexes thereof; and further metal
complex compounds such as ferrocene, trisbipyridyl-
lutenium complexes, etc.

For formation of the organic insulating layer, it is 5
specifically possible to apply the vapor deposition
method or the cluster ion beam method, but the LB
method is particularly suitable among the known prior
art techniques because of its controllability, easiness and
reproducibility.

According to the LB method, a monomolecular film
of its built-up film of an organic compound having a
hydrophobic region and a hydrophilic region in one
molecule can be easily formed on a substrate, whereby
it is possible to supply organic ultra-thin films which
have a thickness of molecular order and are also uni-
form and homogeneous over a large area.

The LB method is 2 method in which a monomolecu-
lar film or a built-up film is prepared by utilizing the
phenomenon that, in 2 molecule with a structure having
a hydrophilic region and a hydrophobic region, when
the balance between them (the (amphiphilic balance) is
adequately maintained, the molecule becomes a mono-
molecular film on a water surface with the hydrophilic

region directed downward.
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As a group constituting the hydrophobic region,
there may be included various hydrophobic groups
such as saturated and unsaturated hydrocarbon groups
or fused polycyclic aromatic groups and chain polycy-
clic phenyl groups which have been generally known
widely in the art. These may constitute the hydrophobic
moiety either individually or as a combination of a plu-
rality thereof. On the other hand, the most typical con-
stituent of the hydrophilic moiety may include, hydro-
philic groups such as a carboxyl group, an ester group,
an acid amide group, an imide group, a hydroxyl group
and further amino groups (primary, secondary, tertiary
and quaternary), etc. These also constitute the hydro-
philic moiety of the above molecule individually or as a
combination of a plurality thereof.

Dye molecules having these hydrophobic and hydro-
philic groups in combination with good balance and
also a 7 electron system with an appropriate size can
form a monomolecular film on water surface, and can
be extremely suitable materials for the present inven-
tion.

Specific examples may include the molecules as -
shown below.

[I} Croconicmethine Dyes
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Here, R corresponds to the group having v electron 55
level, and also it is a long chain alkyl group introduced
in order to make formation of monomolecular film on
the water surface easier, its carbon number n being
suitably 5=n=30. Concerning the compounds men-
tioned above as a specific example only their basic 60
structures are shown, and various substituted deriva-
tives of these compounds are also suitable in the present
invention, as a matter of course. [II] Squarilium Dyes

The compounds as mentioned in [I] of which croco-
nicmethine groups are replaced with squarilium group 65
having the following structure.

6)

8)

9)

10)

11)
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[111] Porphyrin Dye Compounds

Ri
— —
N N N
| g
R4 N—M—N
|
N N N
-
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Rl: RZ: R3: R4 = H, —O ’

CH3

|
—Q—CH)—C—CHj3, -0OCsHj;,

|
CHj

-=(O(CH3)3, —CHy;NHC3H7

M = Hj, Cu, Ni, Al=—Cl and a rare earth metal 1on

R = OCH(COOH) C,H2p11
5<n =25

M = Hj, Cu, Ni, Zn, Al=~Cl and a rare earth metal 1on

5,359,204

8
-continued
3)
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Br—
15 M = Hj, Cu, N1, Zn, Al—Cl
and a rare earth metal ion
R is introduced for making formation of monomolec-
30 ylar film easier, and it is not limited to the substitutents
mentioned here. Also, R1-R4, and R correspond to the
groups having v electron level as mentioned above. [I1V]
15 Fused Polycyclic Aromatic Compounds
R
40
R = C4Ho~C12H325
((|3H2)2
45 COOH
2)
R
C,H,,COOH
50
35
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-continued

O 5

|
C—0(CHj3),—COOH

@ 10

V] Diacetylene Compounds

15
CH3¢CH) C=C—C=CCH ) X

0=nm=20
and simultaneously n + m > 10

20
X is a hydrophilic group, and generally —COOH 1s
used, and —OH, —CONH,, etc. can be also used. [CII]
Others

1) 25

S S S
S S
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-continued

R
NC CN
> =< R = CygH37
NC CN

Other than those mentioned above, dye materals
suitable for the LB method are also suitable for the
present invention, as a matter of course. For example,
biological materials (e.g. bacteriorodopsimn or cyto-
chrome c) or synthetic polypeptides (e.g. PBLG;, etc. )
which have been recently studied are also applicable.
Such amphiphilic molecules form a monomolecular
layer on the water surface with hydrophilic groups
directed downward. The monomolecular layer on the
water surface has the characteristics of the two-dimen-
sional system. When the molecules are scattered
sparsely, the following formula of the two-dimensional
ideal gas 1s valid between the area A per one molecule
and the surface pressure r:

mA=KT,

thus becoming gas film”. Here, K 1s the Bolzmann’s
constant and T is an absolute temperature. When A 1s
made sufficiently small, intermolecular interactions are
strengthened, whereby the molecules become a *“con-
densed film (or solid film)” of a two-dimensional solid.
The condensed films can be transferred one layer by
one layer onto the surface of a substrate such as glass.
By use of this method, a monomolecular film or its
built-up film can be formed, which can be used as the
insulating layer having a periodical layer structure for
the switching device of the present invention.

Specific preparation may be shown for example, the
following method.

A desired organic compound is dissolved in a solvent
such as chloroform, benzene, acetonitrile, etc. Then, by
use of an appropriate device as shown 1 FIG. 8, such
solution is spread over the aqueous phase 81 to form the
organic compound in shape of a film.

Next a partitioning plate (or a buoy) is provided to
prevent too broad expansion of the spreading layer 82
through free diffusion on the aqueous phase 81,
whereby the area of the spreading layer 82 1s restricted
to control the gathered state of the film material and
obtain a surface pressure in proportion to the gathered
state. By moving the partitioning plate 83, the gathered
state of the film substance can be controlled by reducing
the spreading area, whereby the surface pressure can be
gradually elevated to be set at a surface pressure 7
suitable for preparation of the film. While maintain a
constant surface pressure a clean substrate 84 1s gently
moved vertically up and down to transfer monomolecu-
lar films of the organic compound onto the substrate 84.
Such monomolecular film 91 is a film in which mole-
cules are arranged orderly as schematically shown in
F1G. 9a or 9b.

The monomolecular film 91 can be thus produced
and a built-up film having a desired built-up number of
monomolecular layers can be formed by repeating the

above procedure. For transfer of the monomolecular

film 91 onto the substrate 84, other than the above verti-
cal dipping method, such methods as the horizontal
lifting method, the rotating cylinder method, etc. may
be employed. The horizontal lifting method 1s a method
in which transfer is effected with the substrate being
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contacted horizontally with the water surface, and the
rotating cylinder method is a method in which the mon-
omolecular layer is transferred onto the substrate sur-
face by rotating a cylindrical substrate on the water
surface.

In the vertical dipping method as described above,
when a substrate having a hydrophilic surface is with-
drawn in the direction transversing the water surface, a
monomolecular layer 91 with the hydrophilic sites 92 of
the organic compound faced toward the substrate 84
side is formed on the substrate (FIG. 9b). When the
substrate is moved vertically up and down, monomolec-
ular films 91 are laminated one layer by one layer in the
respective steps to form the built-up film 101 (FIG. 10).
Since the molecule directions of films formed in the
withdrawing step and the dipping step are opposite to
each other, according to this method there is formed a
Y type film in which hydrophobic sites 93a and 935 of
the organic compound are faced to each other between
the respective layers of monomolecular films (FIG.
10a@). In contrast, according to the horizontal lifting
method, a monomolecular film 91 with the hydrophobic
sites 93 of the organic compound being faced toward
the substrate 84 side is formed on the substrate 84 (FIG.
94). According to this method, even when the monomo-
lecular film 91 may be built up, there is no change in the
molecule directions of the film formed, but there is
formed an X type film in which the hydrophobic sites
93a and 93b are faced toward the substrate 84 side in all
of the layers (FIG. 105). On the contrary, a buiit-up film
in which the hydrophilic groups 92z and, 925 in all the
layers are faced toward the substrate 84 side is called a
Z type film (FIG. 10c¢).

The method for transferring monomolecular film 91
onto the substrate 84 is not limited to the above meth-
ods, and it is also possible to employ a method 1n which
a substrate is extruded into an aqueous phase from a roll,
when employing a large area substrate. Also, the direc-
tion of the hydrophilic group and hydrophobic group
toward the substrate as described above are given as
general rules, and it can be also modified by the surface
treatment of the substrate, etc.

As described above, the potential barrier layer com-
prising the monomolecular film 91 or its built-up film
101 1s formed on the substrate 84.

Also, a MIM element comprising the following con-
stitution as the novel MIM element of the present inven-
tion has been found to have excellent switching mem-
ory function.

That 1s, it is a switching device, having a layer in
which there is periodically formed mixed monomolecu-
lar films or a mixed monomolecular built-up film of an
amphiphilic compound having a hydrocarbon chain or
a polymeric compound having a hydrophobic region
and a hydrophilic region in combination and a molecule
having = electron conjugated system, the layer being
sandwiched between a pair of electrodes.

Generally, since most of organic materials exhibit
insulating or semi-insulating characteristics, a remark-
able diversity of organic materials may be found for the
organic material applicable to the above MIM element.

The molecule having the electron system as men-
tioned in the above MIM element may include dyes
having porphyrin structure such as phthalocyanine,
tetraphenylporphylline, etc.; azulene dyes having
squarilium group and croconicmethine group as a bond-
ing chain and cyanine-like dyes having two nitrogen-
containing heterocyclic groups such as quinoline, ben-

>
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zothiazole and benzoxazole bonded through a
squarilium group and a croconicmethine group and a
cyanine dye; a fused polycyclic aromatic compound
such as anthracene and pyrene; chain compounds com-
prising a polymer of aromatic rings and heterocyclic
compounds ; polymers of diacetylenic groups; further
tetraquinodimethane or tetrathiafulvalene derivatives
and analogs thereof and charge transfer complexes
thereof; and further metal complex compounds such as
ferrocene, trisbipyridyllutenium complexes, etc.

Also, as the amphiphilic compound having a hydro-
carbon chain, the following compounds may be in-
cluded. The most typical constituent of the hydropho-
bic moiety of such amphiphilic compound is an alkyl
group, and both straight and branched alkyl groups may
be available. As other groups constituting the hydro-
phobic moiety, there may be included olefinic hydro-
carbon groups such as vinylene, vinylidene, acetylene,
etc., phenyl groups, etc. These may be used individually
or as a combination of a plurality of groups to constitute
the hydrophobic moiety. On the other hand, the most
typical constituent of the hydrophilic moiety are, for
example, hydrophilic groups such as a carboxyl group,
a sulfonic acid group and a quaternary amino group.
Such amphiphilic compound has these hydrophobic
and arachidic acid, stearic acid, omega-tricosenoic acid,
diacetylene, etc. may be included. Also, the amphiphilic
compound having a hydrocarbon chain of the present
invention may be an amphiphilic compound having
unsaturated bond in a part or all of the hydrocarbon
skelton, which may also have particularly a substituent
such as fluorine, etc. at said unsaturated bond region.

The polymeric compound having a hydrophobic
group and a hydrophilic group in combination, after
film formation, may be polymerized to stabilize the film.
Specific examples of the polymeric compound may
include those as set forth below.

1)

O

| I
HNC HN 0
0.——
| +H

O

|
e d
—0OC C
H+ |
CH3NCH30 OCH:3NCHj,

| |
(CH)x— 1CH3 (CH2)x-1CH3

2)

3)
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Also for formation of the above MIM element, the
LB method as described above is applicable.

In the above MIM element, since a LB film 1s formed
by mixing of an amphiphilic compound with a molecule
having 7 electron conjugated system, and therefore 1t 1s
rendered possible to form a molecule having H electron
conjugated system into a LB film as the single sub-
stance, even when the molecule alone have not been
formed into a I.B film.

In the present invention, the substrate 84 for support-
ing the thin film formed by lamination of inorganic or

organic material as described above may be any of

metal, glass, ceramics, plastic materials, etc., and further
a biological material with remarkably low heat resis-
tance can be also used.

The substrate 84 as described above may be in any
desired shape, preferably a flat plate, but it is not limited
to flat plate at all. This is because, in the film forming
method as described above, there is the advantage that

10

15

the film can be formed in accordance with any shape of 20

the surface of the substrate.

Also, according to the LB method, the layer thick-
ness of the insulating layer can be controlled freely at
the molecular size order. In the present invention,
switching characteristic is exhibited also in the product
with a layer thickness of several A to several thousands
A, and such product havmg a layer thickness in the
range of 10A to 1000A is preferred.

On the other hand, the electrode material having
suich LB film sandwiched therebetween may be one
having high conductivity, as exemplified by a large
number of materials, including metals such as Au, Pt,
Ag, Pd, Al, In, Sn, Pb, etc. or alloys of these, further
Graphite or silicide, and further electroconductive 0x-

25

30

ides such as ITO, etc. As the method for formation of 35

electrodes by use of such materials, thin film techniques
known in the art may be sufficiently applicable. It
should be noted here that preparation or treatment step
requiring, for example, high temperature (> 100" C.)

should be desirably avoided during further formation of 40

electrodes on the LB film already formed so that no
damage may be given to the LB layer. Also, a large
number of metal materials, typically Al, In, are Gener-
ally subjected to formation of oxidized film on the sur-
face when exposed in air, etc. after formation as the
electrode. As the material for the electrode which be-
comes the underlayer with respect to the LB film, an
electroconductive material which does not form an
insulating oxidized film, such as a noble metal or oxide
conductor such as ITO may be preferably used.

The present invention is described in detail by refer-
ring to the following Examples.

Example 1

On a glass substrate (#7509, produced by Cormng
Co.) subjected to hydrophobic treatment by being left
to stand overnight in saturated vapor of hexamethyldisi-
lane (HMDS), Cr was deposited as the underlayer to a
thickness of 500A according to the vacuum vapor depo-
sition method, and further Au was vapor deposited
(film thickness 1000A) according to the same method to
form base electrodes 13 (FIG. 5) in shape of stripe with
a width of 1 mm. With such a substrate as the carrier,
monomolecular films of squarilium-bis-6-octyl azulene
(SOAZ) were built up. The details of the build-up
method are described below.

The monomolecular film was formed by spreading
over an aqueous phase of water temperature of 20° C.
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with a CdCl; concentration of 5X 10—4 mol/liter con-
trolled to pH 6.7 with KHCO3. After evaporation of the
solvent, the surface pressure of such monomolecular
layer was enhanced to 20 mN/m. Then while further
maintaining this pressure constantly, the above sub-
strate was dipped in the direction transversing the water
surface gently at a speed of 10 mm/min., and subse-
quently drawn up gently at 5 mm/min, whereby two
layers of Y-type monomolecular fiim were built-up. By
repeating such procedure for an appropriate number of
times, 8 kinds of buiit-up films 12 (FIG. 5) of 2, 4, 8, 12,
20, 30, 40, 60 layers were formed on the above substrate.
Next, Al electrodes (film thickness of 1500A) in shape
of stripe with a width of 1 mm were vapor-depostted
under vacuum so as to cross at right angle the base
electrodes on such film surface while maintaining the
substrate temperature at room temperature or lower to
form upper electrodes 11 (FIG. 5).

The current characteristic (V-I characteristic) when
a voltage was applied between the upper and base elec-
trodes of the sample having the MIM structure as pre-
pared above (MIM element) was measured. In other
samples, memorizable switching characteristic which
has not been known in the art was observed (FI1G. 6).

Further, stable ON-state (resistance value several tens
(1) and OFF-state (resistance value M {2 or more) could
be formed, and switching of ON—OFF exhibited a
certain threshold voltage value (about 1 to 2 V/20 lay-
ers), and switching of OFF—ON occurred at about —2
to 5 V, and also the switching speed 1 sec. or lower,
with ON/OFF ratio (ratio of resistance value of ON-
state and OFF-state) being a number of 5 ciphers or
more.

The threshold voltage value of switching tended to
become higher as the layer number of the insulating
layer 1s increased.

As the result, the switching characteristic in the 2

layer sample was unstable, while in the sample of 60
layers, switching of OFF—ON occurred with diffi-

culty.

The thickness of one layer of SOZA dye as deter-
mined from the small angle X-ray diffraction method
had a value of about 15{2.

Next, for the sample of 20 layers which exhibited
relatively good switching characteristic, a switching
circuit as shown in FIG. 1 was constituted.

The switching circuit shown in FIG. 1 has a direct
current bias power source 14 and a resistor 15 con-
nected to the switching device 1 having electroconduc-
tive films 11 and 13 and an insulating film 12 which form
a MIM structure. Further, to the switching element is
connected a resistance element (or capacitance element)
16. To the resistance element (or capacitance element) is
connected a controlling terminal 17 for applying con-
trol signals on the switching element.

In this example, the direct current voltage (2 V) gen-
erated at the current bias power source 14 1s supplied
through the switching device 1 to the resistor 13, and
the switching characteristic of such switching device 1s
outputted at the voltage output terminal 18 as the poten-
tial (voltage drop) occurring at the both terminals of the
resistor 15. Further in this example, there was used as
the resistor 15 exhibiting a resistance of 100().

Next, control signals were applied from the control-
ling terminal 17 through the resistance element (or ca-
pacitance element) to the electroconductive film 13. In
this example, as the resistance element (or capacitance
element), a resistor of 200() was used, and the pulses
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obtained by amplification (by use of BIPOLAR OP
AMP produced by KEPCO Co.) of the pulse (triangu-
lar wave) generated at the pulse generator (MODEL
164 produced by WAVETEK Co.) were inputted as
control signals to the controlling terminal 17. The out- 5
put voltage in this case was observed with the oscillo-
scope (2465 produced by TEKTRONIX Co.) con-
nected to the voltage output terminal 18.

The results are shown in FIG. 2. In FIG. 21 is the
control signal waveform inputted to the controlling 10
terminal 17, 22 is the voltage wave-form outputted at
the voltage output terminal 18. That as shown in FIG.

2, it has been found that when a positive triangular pulse
wave 23 having a wave height value of about 10 to
about 20 V is applied, the switching device 1 1s switched 15
from OFF-state to ON-state, while when a negative
triangular pulse wave 24 having a wave height value of
about 1 to 2 V is applied, the switching device 1 i1s
switched from ON-state to OFF-state. Also, as shown

in the Figure, when the voltage of the control signal 1s 20
made to be 0 V, On-state and Off-state are memorized,
respectively. The out put voltage at On-state under the
memorized state in this case was about 1.4 V, and the
output voltage at OFF-state O V.

From the above results, it has been made clear that a 25
controlling terminal can be provided for the MIM ele-
ment exhibiting the switching characteristic as shown 1n

FIG. 6.

Example 2 30

Similarly as in Example 1, a MIM (switching) ele-
ment was prepared to constitute the circuit shown in
FIG. 1. However, the number of LB film layers was
made only 20 layers. Also, while in Example 1 a resistor
was used as the resistance element (or capacitance ele- 35
ment) 16, condensers (4 kinds of 10—1, 10—2, 10—4,
10— uF) were used.

As the result, although the wave height value of the
positive triangular pulse wave as used in Example 1 was
changed to 6 to 8 V, it was confirmed that switching 40
from OFF-state to ON-state sufficiently occurred at
about 6 to 8 V. On the other hand, a wave height value
of triangular pulse of about 1 V was necessary for
switching from ON-state to OFF-state. Also, in this
example, since the period after pulse application from 45
the controlling terminal 17 and before switching 1s in-
creased as the capacity value of the condenser 1s in-
creased, the result was obtained that the capacity is
desirably smaller at least in the range of 10—5 to 10—1
TS | 50

Also, it has been clarified from the above results that
a device exhibiting controlled switching characteristic
can be realized with a three-terminal device (2 in FIG.

1) which i1s a combination of a MIM element and a

capacitance element. 55

Example 3

A three-terminal device 2 having all the region en-
closed with the broken line in FIG. 1 on the same sub-
strate was prepared. However, in this case, a condenser 60
was used as a resistance element (or capacitance ele-
ment) and such condenser was formed of LB film sand-
wiched between Al electrodes. The constitution 1s sche-
matically shown in FIG. 3. A specific preparation pro-
cedure 1s also shown below. 65

On a glass substrate 84 subjected to HMDS treatment
similarly as in Example 1, Cr and Au were vapor-depos-
ited to form a base electrode 31. Then, in the adjacent

16

region, Al was deposited to a thickness of 1000A also
according to the vacuum vapor-deposition method to
form Al electrode 32. Further, a part of the Al electrode
was contacted with the Au base electrode 31. By use of
such substrate 84, monomolecular films of SOAZ were
built up (2, 4, 8, 12, 20, 30, 40, 60 layers) giving an
insulating film 33 formed of the built-up film of mono-
molecular film. Next, Al as upper electrodes 34 and 35
were vacuum-vapor-deposited (thickness 1500A) on the
respective regions on the film surface having the base
electrode 31 and the Al electrode 32 to form a three-ter-
minal device comprising MIM element 36 and a con-
denser 37 connected thereto.

With such three-terminal device, a measurement cir-
cuit as shown in FIG. 1 was assembled similarly as in
Example 1 and its characteristics were measured to give
the same result as in Example 2. This indicates that a
three-terminal device utilizing the switching character-
istics of MIM element has been realized.

At this time, since the capacitance of the condenser
was reduced (as considered) with increase in layer num-
ber of LB films, controllability of switching tended to
be lowered. In view of the characteristics inherent in
MIM element (switching characteristic 1s unstable 1n
samples with small number of layers, for example, 2 to
4 layers), relatively good characteristics were obtained
in samples with 8 to 20 layers in this Example. Also,
since the MIM element and the LB film forming the
condenser were made to be the same (constituent mole-
cules, layer number, preparation conditions), simulta-
neous formation was rendered possible. As the result,
the steps of forming the device became extremely sim-
ple.

Example 4

A sample having the condenser region and the MIM
element formed continuously in the vertical direction to
the film surface was prepared. The constitution 1s sche-
matically shown in FIG. 4 and the preparation proce-
dure shown below.

On a sufficiently washed glass substrate 84 (#7059,
produced by Corning), an Al electrode 41 (thickness
1000A) as a controlling terminal for switching was
formed according to the vacuum-vapor-deposition
method, and then LB films 42 of arachidic acid (C20)
were laminated (3, 5, 9, 21, 41 and 81 deposition of Au
500A. (Au electrode 43) on the film surface a condenser
was formed. The area of the condenser region was
made to be 2 mm?2. The LB film 42 of C20 was obtained
by spreading a chloroform solution dissolved at a con-
centration of 1 mg/ml over an aqueous phase with a
CdCly concentration of 4 10—4 mol/liter and water
temperature of 20° C. controlled to pH 6.3 with
KHCO3 to form a monomolecular film, followed by
building-up thereof on the above substrate 84 according
to the same conditions and the method as in Example 1.
However, since the glass substrate and the surface of Al
having naturally oxidized film thereon exhibit hydro-
philic property, in carrying out built-up operations, it
was necessary to dip previously the substrate into water
and initiate the draw-up operation.

Further, after having 20 layers of SOAZ LB film
built up on the substrate 84 having the Al (Al electrode
41)/C20 LB film 42/Au (Au electrode 43) laminated
thereon, Al was again vapor-deposited (Al electrode
45) on such film surface to form a MIM element with
Au (Au electrode 43)/SOAZ LB film 44/A1 (Al elec-
trode 45), thereby giving a sample with the constitution
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shown in FIG. 4. The built-up method for SOAZ LB
film was the same as in Example 1.

For the sample as obtained above, measurement and
evaluation were conducted similarly as in Example 2,
whereby good switching characteristics were con-
firmed in samples of C20 (3 to 21 layers), in this Exam-
ple, since MIM element and the condenser were lami-
nated, the element shape (occupied areq) could be made
smaller to great extent. Also, since preparation of MIM
element and LB film forming the condenser is per-
formed in separate steps, optimum conditions for re-
spective elements can be selected. As the result, a three-
terminal switching device with excellent controllability
and reliability could be realized.

In Examples 3 and 4, there was shown an example, in
which the condenser formed of a LB film was made to
be a part of the three-terminal devices, but the method
for formation of and constituent material of such device
do not limit the present invention at all. It is possible to
form a condenser of an organic or inorganic dielectric
material prepared by other preparation methods (e.g.
coating method or vacuum vapor deposition method)
and apply it to the above three-terminal device. Also, a
hybrid type having a chip condenser, which has already
been formed, mounted on a substrate is possible. On the
other hand, without limitation to condensers, it is clear
that the three-terminal device can be realized also by
forming and connecting a resistor, as also shown in
Example 1. Of course, its formation methods do not
limit the present invention at all.

Example 5

On a substrate of I'TO subjected to etching in stripe
with a 1 mm width according to the known method as
a support, monomolecular films of lutettum diph-
thalocyanine [LuH(Pc);] was built-up according to the
LB method. A solution having dissolved LuH(Pc); at a
concentration of 0.5 mg/ml (solvent: 1/1/2 solvent
mixture of chloroform/trimethylbenzene/acetone) was
spread over pure water, in which the above substrate
was previously dipped, of water temperature of 20° C.
to form a monomolecular film. After evaporation of the
solvent, the surface pressure of such monomolecular
film was enhanced to 20 mN/m, and further while main-
taining constantly the pressure, the above substrate
previously dipped was drawn up in the direction trans-
versing the water surface gently at a speed of 3
mm/min. to build up one layer of monomolecular film
on the electrode substrate. Subsequently, dipping-with-
drawal were repeated so as to transverse the water
surface gently at the same ascending and descending
speed of 3 mm/min, thereby forming 11, 21 and 31
layers of built-up film on the ITO. Next, on such film
surface were formed Au electrode (film thickness
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stripe of a 1 mm width so as to cross at right angle the
ITO electrode according to the vacuum-vapor-deposi-
tion method.

As the result of measurement of V-I characteristics of
the samples as prepared above similarly as in Example
1, memorizable switching characteristics were observed
for all of the samples prepared (FIG. 11).

On the other hand, in the switching characteristics,
although the resistance value at ON-state is several tens
() similarly as in Example 1, the resistance value at
OFF-state is smaller by about one cipher as compared
with the case of Example 1, but a ON/OFF ratio of
about a number of 4 ciphers is obtained. Smaller resis-
tance value at OFF-state may be considered to be due to
the semiconductive properties possessed by LuH(Pc)s.
Switching speed was 0.1 sec.

Also, since the switching characteristic is varied
shightly depending on the organic dye used, such vari-
ance 1s not causes by contact with the electrodes but
reflects the property of the insulating layer.

Further, the circuit shown in FIG. 1 was constifuted
and switching characteristic and 1ts controllability were
measured. As the result, memorizable switching charac-
teristics were observed for all the samples prepared.

Also, switching at this time of OFF-—>ON and ON—
OFF was confirmed to be controlled by application of
pulses with wave height values of 6 V, 1 V, respec-
tively.

The threshold voltage value exhibited substantially

constant values irrespectively of difference in upper
electrodes.

Examples 6-15

By use of electrode materials, insulating materials and
layer numbers thereof shown in Table 1, samples having
the same device structure as in Example 2 were pre-
pared. Metal electrodes were formed by vacuum-depo-
sition according to the resistance heating method.

Similarly as in Examples 1 and 5, V-I characteristics
were measured to obtain the results shown in Table 1.
In the Table, memorizable switching characteristic was
observed for the samples as represented by the mark .

Also, when switching characteristic of the three-ter-
minal device was conducted similarly as in Example 2,
the results shown in Table 1 were obtained. As shown
by the mark in the Table, controlled memorizable
switching characteristic was observed for most of the
samples.

In Example 7, in spite of use of SOAZ as the insulat-
ing material of MIM structure similarly as in Example 1,
all of the 12 samples prepared under the same conditions
exhibited only OFF-state, and no switching to ON-state
could be confirmed. This may be considered to be due
to formation of an insulating oxide film on the Sn elec-

1000A) and Al electrode (film thickness 1500A) in 55 trode surface.

TABLE 1
__Preparation conditions and measurement results
Appearance of Controlled
Upper Insulating material LB film forming switching switching
Example Base electrode electrode (layer number) conditions characteristic characteristic
6 Pt (100 A) Au (1000 A) SOAZ (20) the same as in o o
Example 1
7 Sn (1000 A) Al (1000 A) SOAZ (20) the same as in x X
Example 1
8  Cr/Au _ Al1(1500 A)  erbium diphthalo- the same as in 0 0
(500 A/1000 A) _ cyanine (20) Example 5
9 ITO (1000 A) Al (1000 A) tetraphenyl the same as in o o
porphyrin Example 1

derivative*®
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TABLE 1-continued

20

W
Preparation conditions and measurement resuits

Insulating material
(layer number)

Upper

Example Base electrode electrode

Appearance of Controlled
LB film forming switching switching
conditions characteristic  characteristic

m—.—_—._-—_nwﬂ—-ﬂliw

(20)
10 ITO (3000 A) Al (1000 A) anthracene the same as in o o
derivative** Example 1
(20)
11 Cr/Au Al (1500 A)  docosyl pyradinum- the same as in 0 o
(500 A/1000 A) tetracyano Example 5
quinodimethane
(20)
12 Cu/Au Al (1500 A)  pentacosa-10,12- the same as in o ©
(500 A/1000 A) dinoic acid Example 1
(20)
13 Cr/Au Al (1500 A) ferrocene the same as in o 0
(500 A/1000 A)  derivative (20)*** Example 5
14 Cr/Au Al (1500 A)  octadecyl-tetracyano-  the same as in o o
(500 A/1000 A) quinodimethane (20)  Example 5
15 Cr/An Al (1500 A)  bacteriolodopsin the same as in 0 °
(500 A/400 A) *hak Example 5
#R R

R R
R = OCH(COOH)Cxolly)
. CaHo
((I'JHz)z
COOH
R x
@7 OCOC7H35

*s*2Vjolet film obtained by culturing a highly halophilic bacterium, followed by extraction.

Example 16

On a glass substrate (#7059 produced by Corning
Co.) subjected to hydrophobic ireatment by being left
to stand overnight in saturated vapor of hexamethyldisi-
lane (HMDS) was formed Cr as the underlayer accord-
ing to the vacuum-vapor-deposition method to a thick-

45

ness of 500A, followed further by vapor deposition of 50

Au according to the same method (film thickness
1000A) to form a base electrode in shape of a stripe with
a width of 1 mm. On the substrate as a support, a mono-
molecular mixed film with a mixed molar ratio of ara-
chidic acid (C20) and squarilium-bis-6-octylazulene
(SOAZ) of 1:1 was built up. The details of the built-up
method are described below.

After mixing a chloroform solution having C20 dis-
solved at 2 X 10—3M and a chloroform solution having
SOAZ dissolved at 4 10—4M were mixed to a molar
ratio of 1:1, the mixture was spread over an aqueous
phase (pH 6.5) of water temperature of 20° C. contain-
ing 4 X 10—4M of Cd ions to form a mixed monomolecu-
lar film on the water surface. After evaporation of the
solvent, the surface pressure of such mixed monomolec-
ular film was enhanced to 20 mN/m, and further while
maintaining the pressure constantly, the above substrate
was dipped in the direction transversing the water sur-

39
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face gently at a speed of 10 mm/min., and then drawn
up gently at a speed of S mm/min. to build up two layers
of a Y-type mixed monomolecular fiim. By repeating
such operations for an appropriate number of times, 9
kinds of mixed built-up films of 2, 4, 6, §, 12, 20, 30, 40
and 60 layers were formed. Immediately after film for-
mation, vacuum drying at 20° C., 1X10—% Torr was
effected for 20 minutes. Next, on the film surface, Al
electrode (film thickness 1500A) shaped in a stripe of 1
mm width was vacuum-vapor-deposited so as to cross
at right angle the base electrode, while maintaining the
substrate temperature at room temperature or lower, to
form an upper electrode.

When the current characteristic (V-1 characteristic)
when a voltage was applied between the upper and base
electrodes of the sample having the MIM structure as
prepared above (MIM element) was measured, in other
sarnples, memorizable switching characteristic which
has not been known in the art was observed (F1G. 12).
Further, stable ON-state (resistance value several tens
Q1) and OFF-state (resistance value M () or higher) can
be made, and switching of ON—OFF exhibits a con-
stant threshold voltage value (about 1-2 V/20 layers),
switching of OFF—ON occurs at —2 to 5 V, and also
the switching speed was 1u sec. or less, with the ON/-
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OFF ratio (ratio of resistance value in ON-state and
Off-state) being a number of 5 ciphers or more.

The threshold voltage value of switching tended to
be increased as the layer number of the insulating layers
was increased. As the result, switching characteristic
was unstable in the two layer sample, while switching
of OFF—ON occurred with difficulty in the sample of
60 layers.

Example 17

On a substrate of ITO subjected to etching 1n stripe
with 1 mm width according to conventional method as
a support, a mixed monomolecular film of diacetylene
(DA) and lutetium diphthalocyanine (LuH(Pc);) was
built up according to the LB method. The solution used
had a mixed molar ratio of 2:1, with the DA concentra-
tion being 1X10—1M (solvent is benzene), LuH(Pc)2
concentration being 3 X 10—4M (solvent is 1/1/2 sol-
vent mixture of chloroform/trimethylbenzene/ace-
tone). The solution was spread over an aqueous phase
(pH 6.8), in which the substrate was previously dipped
, of water temperature of 20° C. containing 4 X 10—4M
of MnC]J; to form a mixed monomolecular film on the
water surface. After evaporation of the solvent, the
surface pressure of the monomolecular film was en-
hanced to 20 mN/m and, while further maintaining the
pressure constantly, the above substrate previously
dipped was drawn up in the direction transversing the
water surface gently at a speed of 3 mm/min. to build
up one layer of the mixed monomolecular film on the
electrode surface. Subsequently, by repeating dipping
and withdrawal so as to transverse the water surface
gently at the same ascending and descending speed of 3
mm/min., built-up films of 11, 21 and 31 layers were
formed on ITO. Next, on the film surface, so as to cross
at right angle the ITO electrode, Ag electrode (film
thickness 1000A) was formed in stripe of 1 mm width
similarly as in Example 1.

For the samples as prepared above, V-1 characteris-
tics were measured similarly as in Example, 16 to obtain
the result that memorizable switching characteristic
was observed for all of the samples prepared (FIG. 14).
The threshold voltage value exhibited substantially
constant value irrespective of difference 1n upper volt-
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value at OFF-state was smaller by one cipher as com-
pared with the case of Example 16, but a ON/OFF ratio
of about a number of 4 cipher is obtained. Smaller resis-
tance value at OFF state may be considered to be due to
the semiconductive properties possessed by LuH(Pc)s,.
Switching speed was 0.1y sec similarly as in Example

16.

Example 18

A MIM element was prepared similarly as in Exam-
ple 16. However, in this case, the mixed monomolecular
built-up film comprises 12 layers of mixed monomolecu-
lar films mixed at a ratio of 2:1 of a polyamideamine salt
(PAAD) and bis-[3-stearylbenzothiazole-(2)]-trime-
thinecyanine iodide. The concentration was 1X 10—3M
(solvent was a solvent mixture of benzene/dime-
thylacetamide=1:1), and the concentration of the cya-
nine salt was also 1X10—3M and the solvent was chlo-
roform. Also for measurement of V-1 characteristic,
Example 16 was repeated to obtain memorizable
switching characteristic.

Examples 19-29

By use of the electrode materials, insulating materials,
layer numbers thereof and molar ratios shown in Table
2, samples having the same device structure as in Exam-
ples 16-18 were prepared. The metal electrodes were
formed by vacuum-vapor-deposition according to the
resistance heating method.

Next, V-I characteristics were measured similarly as
in Examples 16 to 18 to give the results shown in Table
2. For the samples indicated by the mark , memorizable
switching characteristics were observed. Also, repeated
stability was evaluated by the number of times until
electrode breaking occurs by heat generation when a
triangular wave with a wave height value of =8 V and
an alternate electrical field frequency of 2 Hz was con-
tinued to be applied continuously, to give the results
shown in the Table.

Concerning the mixing ratio of the materials consti-
tuting organic insulation, it may be in the range from
1:10 to 100:1, particularly suitably from 1:10 to 10:1.
Such molar ratio is not limited at all.

The organic materials to be mixed are not limited to

age. The resistance value at ON-state was several tens {3 45 two kinds, and any desired number of kinds may be
which was similar to in Example 16, but the resistance used.
TABLE 2
Preparation conditions and measurement results |
Appearance Repeating
Upper Insulating material LB film forming of switching stability
Example Base electrode  elecirode (layer number) Molar ratio conditions characteristic (times)
19 Cr/Au Al Cyo = SOAZ (20) 1:10 the same as in o 3 X 106
(500A/1000A)  (1500A) ' Example 1
20 Cr/Au Al ¥ 1:5 the same as in 0 5 x 109
(500A/10004)  (1500A) 4 Example 1
21 Cr/Au Al " 1:22 the same as in 0 8 X 109
(500A/10004)  (1500A) & Example 1
22 Cr/Au Al & 1:1 the same as in 0 1 x 107
(500A/10004)  (1500A) " Example 1
23 Cr/Au Al ’ 2:1 the same as in 0 7 X 108
(500A/10004)  (1500A) ' Example 1
24 Cr/Au Al Y 5:1 the same as in 0 5 % 109
(500A/1000A)  (1500A & Example 1
25 Cr/Au Al 4 10:1 the same as in 0 3 x 108
(500A/10004)  (1500A) ’ Example 1
26 ITO Ag DA + PC (18) 1:2 the same as in 0 1 x 107
(1000A) (1000A) Example 2
27 ITO Ag DA + PC (18) 1:1 the same as in 0 7 X 106
(1000A) (1000A) Example 2
28 Cr/Au Al PAAD -+ cyanine salt 1:5 the same as in 0 9 x 109
(500A/10004)  (1000A) (20) Example 3
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TABLE 2-continued
Preparation conditions and measurement results
Appearance Repeating
Upper Insulating material LB film forming of switching stability
Example Base electrode  electrode (layer number) Molar ratio conditions characteristic (times)
29 Cr/Au Al PAAD <4 cyanine salt 2:1 the same as in o 7 % 106
(500A/10004)  (1000A) (20) Example 3

In the Examples as described above, the LB method 10
was used for formation of the dye insulating layer, but a
film forming method capable of preparing a very thin
and uniform insulating organic thin film may be avail-
able without limitation to the LB method. Specifically,
the vacuum-vapor-deposition method, the electrolytic
polymerization method, the CVD method, etc. may be
used, whereby the scope of available organic materials
can be broadened.

As already mentioned also for formation of elec-
trodes, a film forming method capable of forming a 20
uniform thin film on an organic thin film layer is avail-
able, and such method is not limited to the vacuum-
vapor-deposition method and the sputtering method.

Further, the present invention is not limited at all in
the substrate material and its shape.

The present invention has the following effects.

(1) In a MIM structure device by use of a thin film of
an organic dye monomolecular film built up by the L.B
method, memorizable switching characteristic not
found in the MIM element of the prior art was exhibited
to be obtained.

(2) It has been made clear that a three-terminal device
having controllability for the above switching charac-
teristic can be obtained by combining the MIM element
with an element constituent exhibiting resistance or 35
capacitance.

(3) Owing to the method which forms an insulating
layer by building up monomolecular films, film thick-
ness control at the molecular order (several A to several
tens A) could be realized with ease. Also, due to excel- 40
lent controllability, reproducibility during formation of
the device is high to give high productivity.

(4) Since a mixed monomolecular film 1s used, LB
film formation has become possible even for a material
which could not be formed into a film in the prior art, 45
and as the result of increased degree of freedom in
choice of the materials, various switching characteris-
tics could be found.

(5) As compared with the switching device consti-
tuted only of inorganic materials, degree of freedom is
higher, and also device formation at lower temperature
is possible, and therefore a device having high affinity
for biological bodies such as molecular electronics,
bioelectronics, etc. can be provided in future.

What is claimed 1s:

1. A switching device comprising an electrode-insula-
tor-electrode structure supported on a substrate having
a supporting function, said msulator havmg a periodical
layer structure from 10A to 1000A in thickness of an
organic insulator comprising a molecule having P1 elec-
tron conjugated system, one of said electrodes, which is
close to said substrate as compared to the other elec-
trode, being selected from a noble metal or an oxide
conductor, said device having a first memorable electri-
cal state exhibiting a first resistance and a second memo-
rizable electrical state exhibiting a higher second resis-
tance in a voltage region below a first threshold voltage
and above a different second threshold voltage, said
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device being switchable from the first electrical state to
the second electrical state upon application of a voltage
of one polarity equal to or exceeding said first threshold
voltage and switchable from the second electrical state
to the first electrical state upon application of an oppo-
site polarity voltage equal to or exceeding the second
threshold voltage.

2. A switching device according to claim 1, wherein
said organic insulator has a group having 7 electron
level and a group having v electron level.

3. A switching device according to claim 1, wherein
said periodical layer structure is formed of LB films.

4. A switching device according to claim 2; wherein
said organic insulator having a group having 7 electron
level and a group having v electron level is selected
from dyes having porphyrin skelton, azulene dyes, cya-
nine dyes, compounds having fused polycyclic aromatic
rings or heterocyclic rings and diacetylene compounds.

5. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a
skelton represented by the formula:

0o
O
\
C=CH :CH—
l 7\ I
R O O R1

40 wherein Rj represents an alkyl group.

6. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a
skelton represented by the formula:

OS
S S
\ /
C=CH =CH—C
Nf \2
| 4\ |
RI O O R]

wherein R represents an alkyl group.

7. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a
skelton represented by the formula:

C=—CH =CH—C
@E _© \\@:O

wherein R represents an alkyl group.

8. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a
skelton represented by the formula:
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' C_CHQ_CH_C ‘

wherein R represents an alkyl group.
9. A switching device according to claim 1, wherein CH3 CH;

said organic insulator comprises a compound having a CH3 08 CH3
skelton represented by the formula:
C=CH =CH—C
/ \o
\ 7\ |
Ri O O R
C— CH =CH—C
. \

wherein R represents an alkyl group. 25
10. A switching device according to claim 1, wherein

said organic insulator comprises a compound having a
skelton represented by the formula:

C-—CH --CH-C
N\ &
N
|
R

wherein R represents an alkyl group.
11. A switching device according to claim 1, wherein 45 wherein R represents an alkyl group.

said organic insulator comprises a compound having a 14. A switching device according to claim 1, wherein
skelton represented by the formula: said organic insulator comprises a compound having a
= 0S =
==CH ==CH > &
1.“ ]i‘
R1 4 A\ R
O O

wherein R represents an alkyl group.
12. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a

skelton represented by the formula: 55
skelton represented by the formula:

CH3 |
0SS
CHj CH3
C""' CH —_— CH—"C —
< St
Ri R
4\

wherein R represents an alkyl group. 65 wherein R represents an alkyl group.
13. A switching device according to claim 1, wherein 15. A switching device according to claim 1, wherein

said organic insulator comprises a compound having a  said organic insulator comprises a compound having a
skelton represented by the formula: skelton represented by the formula:
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10 wherein R represents an alkyl group.
20. A switching device according to claim 1, wherein
sald organic insulator comprises a compound having a
skelton represented by the formula:

R;

wherein R represents an alkyl group.
16. A switching device according to claim 1, wherein 15

said organic insulator comprises a compound having a S 0® <
skelton represented by the formula: \ /
C=CH =CH—C
| / \\
N |
20 | O I
R R

wherein Rj represents an alkyl group.
55 21. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a

wherein R represents an alkyl group. ' skelton represented by the formula:

C-—- CH = CH"""‘C
@ !

4o Wherein R, represents an alkyl group.
22. A sw1tchmg device accordmg to claim 1, wherein
said organic insulator comprises 2 compound having a
skelton represented by the formula:

17. A switching device according to claim 1, wherein
said organic msulator comprises a compound having a
skelton represented by the formula:

Z®

};U__

1

‘ wherein R represents an alkyl group.
wherein R represents an alkyl group. 23. A switching device according to claim 1, wherein

18. A switching device according to claim 1, wherein  said organic insulator comprises a compound having a
said organic insulator comprises a compound having a 55 skelton represented by the formula:

skelton represented by the formula:

CH3

0%

Se\
C= CH%-—- CH-—C C=CH =CH—C
g D (}[ < > D

N |
| O
R

wherein R represents an alkyl group. 65 wherein R; represents an alkyl group.

19. A switching device according to claim 1, wherein 24. A switching device according to claim 1, wherein
sald organic insulator comprises a compound having a sald organic insulator comprises a compound having a
skelton represented by the formula: skelton represented by the formula:
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CH 09 CH CH
3 CH; CH; ) [
—0 , —O—CHz—cl:—crlg,,
C=CH =CH—C ) CHj
Y Ye
| J |
R; O R1

28. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a

, 10 skelton represented by the formula:
wherein R represents an alkyl group.

25. A switching device according to claim 1, wherein

said organic insulator comprises a compound having a R R
skelton represented by the formula:
15

o =
20
Ri ® Ri
0 ‘
wherein R represents an alkyl group. 55 R g R

26. A switching device according to claim 1, wherein

said organic insulator comprises a compound having a wherein R is —OCH (COOH) CnHz,,1 (3SH=25)

skelton represented by the formula; and M is H Cu, Ni, Zn, Al-Cl or a rare earth metal ion.

29. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a
skelton represented by the formula:

30

35 N+
O j X -
R—N-+ _Z Z
Br— .
R R} 40

wherein R represents an alkyl group.

27. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a 45 Br—
skelton represented by the formula: Z " N+—R

\

/

N7+

R

30 Br—

wherein R is CnHj,41 (5=n=25) and M 1s Hj, Cu, N,
Zn, Al-Cl or a rare earth metal 1on.
N N N 55 30. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a
skelton represented by the formula

T ; | R
N N N 60
\ @@@
COQOH
R3

wherein R 1s C4-C13 alkyl.
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31. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a
skelton represented by the formula:

S
CHHZ HCOOH

Ggo

32. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a 15
skelton represented by the formula:

O

N—(CHj),,—COOH

10

20

235

33. A switching device according to claim 1, wherein 30
said organic insulator comprises a compound having a
skelton represented by the formula: |

35

I
@ C—O(CH;),— COOH
45

34. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a
skelton represented by the formula:

)0
CH3¢CH):C=C—C=C~+CHy¥X

wherein X is —COOH, —OH or —CONH and ni1s Q or
more and m is 20 or less, provided that the formula
(n+m > 10) is satisfied.

35. A switching device according to claim 1, wheretn
said organic insulator comprises a compound having a
skelton represented by the formula:

35

65
36. A switching device according to claim 1, wherein

said organic insulator comprises a compound having a
skelton represented by the formula:

32

37. A switching device according to claim 1, whereln
said organic insulator comprises a compound having a
skelton represented by the formula:

9

R = CONHCsH37,

Te OCOC-Has

S

wherein R 1s CONHC13H37 or OCOC;7H3s.

38. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a
skelton represented by the formula:

OCOC7H]3s

9

Fe

OCOC;7Hz3s

2

wherein R is CONHCgH37 or OCOC7H3s.

39. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a
skelton represented by the formula:

wherein R is CONHC13H37 ir OCOC7H3s.

40. A switching device according to claim 1, wherein
said organic insulator comprises a compound having a
skelton represented by the formula:

R

NC

>

NC

CN

=<

CN

R = CjigHzy

wherein R i1s CigH37.

41. A switching device comprising an electrode-
insulator-electrode structure supported on a substrate
having a supporting function, said insulator having a
periodical layer structure from 10A to 1000A in thick-
ness of an organic insulator, one of said electrodes,
which is close to said substrate as compared to the other
electrode, being selected from a noble metal or an oxide
conductor, said layer being a mixed monomolecular
film or a mixed monomolecular built-up film of an am-
phiphilic compound having a hydrocarbon chain or a
polymeric compound having a hydrophobic region and
a hydrophilic region and a molecule having P1 electron
conjugated system said device having a first memoriz-
able electrical state exhibiting a first resistance and a
second memorizable electrical state exhibiting a higher
second resistance in a voltage region below a first
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threshold voltage and above a different second thresh-
old voltage, said device being switchable from the first
electrical state to the second electrical state upon appli-
cation of a voltage of one polarity equal to or exceeding
said first threshold voltage and switchable from the
second electrical state to the first electrical state upon
application of an opposite polarity voltage equal to or
exceeding the second threshold voltage.

42. A switching device according to claim 41,
wherein in the amphiphilic compound having a hydro-
carbon chain, a part of or all of the hydrocarbon skelton
have a unsaturated bond.

43. A switching device according to claim 41,
wherein said molecule having 7 electron conjugated
system i1s a dye having porphyrin skelton, an azulene
dye, a cyanine dye, a merocyanine dye or a molecule
having at least one aromatic ring or heterocyclic ring.

44. A switching device according to claim 41,
wherein for said mixed molecular film or mixed mono-
molecular built-up film, the mixed molar ratio of the
amphiphilic compound having hydrocarbon chain and
the molecule having 7 electron conjugated system 1s
from 1:100 to 100:1.

45. A switching device comprising an electrode-
insulator-electrode structure supported on a substrate
having a supporting function, said insulator having a
periodical layer structure from 10A to 1000A 1n thick-
ness of an insulating or semiconductive organic metal
comprising a molecule having Pi electron conjugated
system, one of electrodes, which 1s close to said sub-
strate as compared to the other electrode, being selected
from a noble metal or an oxide conductor, and means
for applying electrical signals for controlling the
switching characteristics of said switching device, said
device having a first memorizable electrical state exhib-
iting a first resistance and a second memorizable electri-
cal state exhibiting a higher second resistance in a volt-
age region below a first threshold voltage and above a
different second threshold voltage, said device being
switchable from the first electrical state to the second
electrical state upon application of a voltage of one
polarity equal to or exceeding said first threshold volt-
age and switchable from the second electrical state to
the first electrical state upon application of an opposite
polarity voltage equal to or exceeding the second
threshold voltage.

46. A switching device according to claim 45,
wherein said organic material a group having 7 elec-
tron level and a group having v electron level 1n the
molecule.

47. A switching device according to claim 45,
wherein the layer having said organic material is a layer
comprising a mixture of an amphiphilic compound hav-
ing a hydrocarbon chain or a polymeric compound
having a hydrophobic region and a hydrophilic region
in combination and a molecule having 7 electron conju-
gated system.

48. A switching device according to claim 45,
wherein said switching device has a MIM structure, and
also said means for applying electrical signals 1s con-
nected to a resistance element or a capacitance element.

49. A switching device according to claim 48,
wherein said switching device with MIM structure and
the resistance element or the capacitance element are
formed on the same substrate.

50. A switching device according to claim 49,
wherein said organic material layer with MIM structure
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and said resistance element or capacitance element are
formed at the same time.

51. A switching device according to claim 49,
wherein said organic layer and said resistance element
or capacitance layer are formed in separate layers.

52. A switching device according to claim 45,
wherein said periodical layer structure 1s a layer struc-
ture formed of an LB film.

33. A switching device according to claim 32,
wherein said LB film is formed of built-up films.

54. A switching device according to claim 353,
wherein the built-up number of the built-up films 1s 2 to
60. |

55. A switching device according to claim 48,
wherein said resistance element or capacitance element
has an organic material layer formed of a LB film.

56. A switching device according to claim 355,
wherein said LB film is formed of built-up films.

57. A switching device according to claim 36,
wherein the built-up number of the built-up films 1s 2 to
60.

58. A switching device according to claim 1 wherein
the noble metal is Au, Ag, Pd or Pt.

59. A switching device according to claim 41 wherein
the noble metal is Au, Ag, Pd or Pt.

60. A switching device according to claim 45 wherein
the noble metal 1s Au, Ag, Pd or Pt.

61. A switching device comprising an electrode-
organic insulator-electrode structure supported on a
substrate having a supporting function, said organic
insulator from 10A to 1000A in thickness being formed
of a LB film or an organic material having a Pi electron
level, one of said electrodes, which is close to said sub-
strate as compared to the other electrode, being selected
from a noble metal or an oxide conductor, said device
having a first memorizable electrical state exhibiting a
first resistance and a second memorizable electrical
state exhibiting a higher second resistance in a voltage
region below a first threshold voltage and above a dii-
ferent second threshold voltage, said device being
switchable from the first electrical state to the second
electrical state upon application of a voltage of one
polarity equal to or exceeding said first threshold volt-
age and switchable from the second electrical state to
the first electrical state upon application of an opposite
polarity voltage equal to or exceeding the second
threshold voltage.

62. A switching device according to claim 61,
wherein the noble metal 1s Au, Ag, Pd or Pt.

63. A switching method, comprising the steps of:

(a) providing a device comprising an electrode-

organic insulator-electrode structure supported on
a substrate having a supporting function, said or-
ganic insulator having a periodical structure from
10A to 1000A in thickness, said organic insulator
comprising a molecule having a Pi electron conju-
gated system and one of said electrodes, which is
close to said substrate as compared to the other
electrode, being selected from a noble metal or an
oxide conductor, wherein said device having a first
memorizable electrical state exhibiting a first resis-
tance and a second memorizable electrical state
exhibiting a higher second resistance in a voltage
region below a first threshold voltage and above a
different second threshold voltage, said device
being switchable between said electrical states; and

(b) applying a voltage of one polarity equal to or

exceeding a threshold voltage between said elec-
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trodes to switch the device to a different electrical
state and, optionally, applying a voltage of an op-
posite polarity equal to or exceeding the other
threshold voltage to switch said device to the other
electrical state.

64. The switching method according to claim 63,
wherein said electroconductive material 1s selected
from the group consisting of a noble metal and an oxide
conductor.

65. The switching method according to claam 64,
wherein the noble is Au, Pt, Ag or Pd.

66. The switching method according to claim 64,
wherein the oxide conductive material is an indium-tin-
oxide.

67. The switching method according to claim 63,
wherein said molecule having Pi electron conjugated
system is selected from dyes having porphyrin skeleton,
azulene dyes, cyanine dyes, compounds having fused
polycyclic aromatic rings or heterocyclic rings and
diacetylene compounds.

68. The switching method according to claim 63,
wherein said periodical layer structure is formed of LB
films.

69. The switching method according to claim 68,
wherein said LB film is formed of built-up films.
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70. The switching method according to claim 69,
wherein the built-up number of the films 1s 2 to 60.

71. A memory device comprising an electrode-insula-
tor-electrode structure supported on a substrate having
a supporting function, said insulator having a periodical
layer structure from 10A to 1,000A in thickness of an
organic insulator comprising a molecule having Pi elec-
tron conjugated system, one of said electrodes, which i1s
close to said substrate as compared to the other elec-
trode, being selected from a noble metal or an oxide
conductor, said device having a first memorizable elec-
trical state exhibiting a first resistance and a second
memorizable electrical state exhibiting a higher second
resistance in a voltage region below a first threshold
voltage and above a different second threshold voltage,
said device being switchable from the first electrical
state to the second electrical state upon application of a
voltage of one polarity equal to or exceeding said first
threshold voltage and switchable from the second elec-
trical state to the first electrical state upon application of
an opposite polarity voltage equal to or exceeding the
second threshold voltage.

72. A switching device according to claim 1 wherein
the second electrical state is switchable from the first
electrical state by application of the second threshold
voltage followed by application of voltage of the same

polarity as said one polarity.
. S T T -
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Line 61, “potential; further" should
read --potential. Further--.
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Line 64, "a fused" should read --fused--.
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Line 63, "course. [II])" should read --course. { [II]--.

COLUMN 8

Line 32, "v electron" should read --0 electron-- and
"above. [IV]" should read --above. § [IV]--=.



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENTNO. : 2,359,204
DATED . October 25, 1994

INVENTOR(S) : KEN EGUCHI, ET AL. Page 2 of 8

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below:

COLUMN 9
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¥C CY
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Line 24, "y electron" should read --c electron--.
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COLUMN 28
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Line 26, "skelton" should read --skeleton--.
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H,

i
Ep —0—©| -O-CHz-?-Cﬂa: —Ocsﬂii.
CH

3
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- o+
HygCoo-K N

\—/

NG : CX
NC CK
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